Abstract: A method of coupling the heat transfer during the cooling process of a molten sample of high-density polyethylene (HDPE) and the heat released by crystallization is presented. From the simulated temperature profiles it is possible to obtain the thermal diffusivity, which is one of the physico-chemical properties characterizing heat transfer under non-stationary conditions. Using suitable initial and boundary conditions, it was possible to solve the heat equation analytically. The results obtained for HDPE, using the diffusivity α = 0.00197 cm 2 /s, show an increase in the temperature profile when the term due to crystallization is taken into account, compared to the temperature profiles without heat generation between 140 -110°C. This temperature range, where crystallization of HDPE occurs, was determined using differential scanning calorimetry. A cylindrical conductivity cell was constructed with a thermocouple placed at varying positions. Comparing the simulated temperature profiles including heat generation by crystallization with the experimental data, we find that in the latter case the increase in the temperature profile was less significant; this is probably due to the assumptions made in the development of the kinetic equation.
Introduction
Most of the transformation processes applied to polymers are associated with various heating and cooling cycles. Depending on the thermal properties of a given material, knowing the temperature distribution inside the sample as a function of time and space coordinates would help to predict the time required so that a particular region reaches a desired temperature (for instance, by supplying or removing a certain amount of heat via a heat exchanger). Since the final mechanical properties of the material depend highly on its microstructure and, therefore, on its thermal history, it is necessary to understand the cooling process of molten polymers by developing 1 suitable models that make possible the simulation of the temperature distribution inside the material. It is known that the structure of the material depends on the cooling rate, which is controlled by its thermal diffusivity and eventually by the latent heat generated during crystallization of the polymer. In order to simulate the temperature profiles inside the cooling polymer, the procedure used was as follows: first, the heat transfer problem was mathematically modelled; secondly, the heat transfer equation was solved, and finally, the results were analysed and compared with experimental data available.
Theoretical background
The general heat equation for both axial and radial heat transfer with heat generation by crystallization can be written as follows [1] :
where T is the temperature (in °C), t the time parameter (in s), r the radial position (in cm), α the thermal diffusivity (in cm 2 /s), x the axial position (in cm), ρ c the density of the crystalline phase, ρ the density of the bulk material, ∆H c the latent heat of crystallization (in J), C p the heat capacity of the polymer (in J/K), and χ the degree of crystallinity. Using suitable initial and boundary conditions and adopting the Arpaci method [2] , the analytical solution of the heat equation was found to be:
where T(x,r,t) is the temperature at the axial position x, radial position r, and time t; T 0 is the uniform initial temperature of the bulk cylinder, T 1 the constant boundary temperature at x = 0 and t > 0, R and L are the radius and length (in cm) of the cylinder, respectively; J 0 and J 1 are the usual Bessel functions, µ m a parameter defined such that J 0 (Rµ m ) = 0, and f(T,t) a temperature-time function describing the crystallinity of the solidifying polymer. In this work, the function f(T,t) was obtained from the kinetic model used, but it was necessary to introduce empirical correction terms by adjusting the experimental data to the models describing the crystallization. Usually, crystallization kinetics is treated in the frame of an Avrami-like equation. Most representative extensions of the Avrami equation are resumed in the following [3] :
The Ozawa equation for non-isothermal crystallization [4] is given by:
where χ ∞ is the total crystallinity, C r the cooling rate, κ(T) a cooling rate function, and n is a constant with values between 1 and 4.
The Nakamura equation for isokinetic conditions is given by [5] :
where K(T) = κ(T) 1/n and κ(T) is the crystallization rate.
Finally, the Kamal-Chu equation is given by [6] : 
Results and discussion
The temperature profiles obtained after solving the heat transfer equation corresponding to the different models for the cooling process of a molten high-density polyethylene sample including heat generation by crystallization are presented in Figs. 1 -4 . In Fig. 1 the temperature profiles for one-dimensional heat transfer are presented in a 3D plot. In this model, any contribution of the radial heat transfer has been neglected. It can be seen from the profiles that there is a temperature increase when crystallization occurs. In Fig. 2, a 2D plot of the temperature profiles is presented and compared with experimental data. As can be observed, the agreement between both model and experiment is excellent. The value of thermal diffusivity obtained by adjusting the model to the experimental data in this case was found to be 0.00197 cm 2 /s, which is very close to the value in the literature. In Figs. 3 -4 , the same data are presented for a bi-directional heat transfer model, where the radius is set equal to zero for comparison. It can be seen that there is no agreement between model and experiment. This implies that even at the axial position, there exists a radial contribution to the heat transfer.
For the modelling of the crystallization process, the Nakamura equation was applied and solved numerically, where the exponent n was set equal 3, according to Gupta et al. [7] . Afterwards, a correction factor was introduced in order to fit the experimental data. From the 3D plots (Figs. 1 and 3) , it can be seen that at low values of the axial position x no crystallization heat is generated. This is probably due to the usually higher cooling rates observed in this region, producing therefore a kind of undercooling.
